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Objective

ÅProblem: Soiling = Transmission loss = Production loss = Revenue loss

ÅSolution: Reduce soiling loss using anti-soiling coatings or remove soiling using 
various cost-effective cleaning techniques.

ÅObjective: Develop a standardized technique to quantitatively  determine the 
effectiveness of anti-soiling coatings.



Indoor Artificial Soil Deposition Chamber - why is it needed?

ÅTo determine the effectiveness of anti-soiling coatings or cleaning 

techniques so the vendor claims can be quantitatively validated.

ÅTo standardize the artificial soil deposition conditions simulating natural 

soiling conditions and sequence (standardization requires repeatable 

deposition within a lab and reproducible deposition between the labs) so 

a national or an international standardcan be developed.
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Presentation Scope

Natural Soiling Cycle Artificial Soiling Cycle

üCharacterizations
V Optical
V Electrical

üCleaning
V Wind
V Rain

üSurface coating
V Uncoated
V AS coated



One-chamber Soil Deposition Method
PROCESS SEQUENCE
Å Place the required amount of soil
Å Place PV coupon on support stand
Å Cool coupon using Peltier elements
Å Introduce humidify using humidifier
Å Dew formation on the coupon surface
Å Generate a dust cloud using N2 burst
ÅWait for the cloud to settle down
Å Bake coupon using Peltier elements
Å Repeat the cycle
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Soiling Station Animation



Components Used in the 
One-Chamber Method

Adafruit - Thermoelectric 
Cooler/Heater Assembly 

(12V/5A)

Walgreens cool 
mist humidifier

Auber Humidity 
controller

Detachable / 
attachable soil 
dispersion chamber

2 g soil sample

Thermoelectric 
heating/cooling 
switches
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Test Modules
Å Three1-cellmoduleswere fabricatedat ASU-PhotovoltaicReliabilityLaboratory.

Å Onemodule(AS1) wasshippedto the anti-soiling(AS)coatingmanufacturerwho coatedthe 1-cellmodule
with their AScoating.

Å Anti-soilingcoatingliquid waspurchasedfrom manufacturer2 andwascoatedon the second1-cellmodule
(AS2) usinga paint roller. Thisroller iscommerciallyusedto applycoatingson glass.

Å Thethird 1-cellmodule(UC)wasthe referenceuncoatedmodule.
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Typical Testing Sequence

Å Soiling loss is measured through %T loss using Iscloss

Å Soiling uniformity is measured using Isclosses of 9 individual 
cells laminated in a single module 

Å The indoor soiling chamber is used to deposit soil on the three 
1-cell modules. The modules are placed flat at 0tilt during soil 
deposition.

Å Three layers of soil ( 3 cycles) are deposited on the surface of 
1-cell modules for each trial in this study. 2 g of AZ reference 
dust is used in each deposition cycle. 

Å Iscof the module was measured in-situ after each cycle. 
Weight of the module was also recorded with precision of 
0.001 g (1 mg)  after every cycle.

In-situ Transmittance (Isc) Measurement

In-situ Soiling Uniformity (Isc) Measurement 



Indoor Soiling Cycle
Deposit soil on 1-cell modules 
using the indoor soiling station

Expose soiled 1-cell module to 
wind using the wind tunnel tester

Expose soiled 1-cell module to rain 
using the rain tester

Wind Test Rain test

Expose wind tunnel tested module 
to rain using the rain tester



Adhesion of Soil Layers

*Reference: Surface Soiling: Theoretical Mechanisms and Evaluation of Low-Soiling Coatings, Edward F. Cuddihy, Jet Propulsion Laboratory, 1983

Soil deposited on PV module surface can be classified into three or four 
distinct layers:

A. First layer of soil, Layer A, is cemented (chemically bonded) to the surface 
of PV module and is extremely hard to remove by rain or wind*

B. Second layer of soil, Layer B, can be removed by rain but is resistant to 
high speed wind.

C. Third layer of soil, Layer C, is loosely bound and can be cleaned by rain 
and high speed wind.

D. Fourth layer of soil, Layer D, is the weakest bonded layer and can be 
removed by moderate wind (or gravity by tilting the module vertically).

Layer A

Layer B

Layer C

Layer D

Module Surface



Wind Tunnel Testing

Å The soiled modules are placed on a stand  
fixed at 75 tilt with the module facing the 
wind, so that the wind completely covers 
the module surface.

Å An open-circuit sub-sonic wind tunnel is 
used in this study. The wind velocity can 
be varied between 5 m/s and 11 m/s. 

Å The wind velocity can be changed using a 
dial in the wind tunnel tester and the 
velocity was also verified using a 

handheld anemometer.

75֙

Wind direction



Rain test

33֙

Beaker to measure 
amount of rain

Approach 1 (not good): 

UL 1703 water spray nozzle

ÅThe soiled module is placed on the stand. The 
distance between the module and the center of 
the nozzle is 3 ft.

ÅThe water jet pressure in this experiment is set 
to be 0.5 psi. 

ÅThe valve is opened and the soiled modules are 
ŜȄǇƻǎŜŘ ǘƻ άǊŀƛƴέΦ ²ŀǘŜǊ ŀƭǎƻ ŎƻƭƭŜŎǘǎ ƛƴ ǘƘŜ 
beaker and when water reaches a specified 
level in the beaker ( 1mm, 5mm and 10mm), the 
valve is closed.

Å9ǾŜƴ ŀǘ лΦр ǇǎƛΣ ǘƘŜ ƛƴǘŜƴǎƛǘȅ ƻŦ άǊŀƛƴέ ƛǎ ƘƛƎƘΦ м 
mm rain is collected in 25 seconds. In case of a 
light rain, 1 mm might take much longer to 
collect.

Before 1mm rain After 1mm rain

Complete 
cleaning at 1 

mm !

UC AS ASUC



Rain test
Approach 2 (yet to be implemented):

Å The distance between the center of the nozzle to the 
module to be set at 6 ft. 

Å The current nozzles are to be replaced by 1/8 HH-5 full 
jet nozzles (Spraying Systems Co.; spray.com)

Å Rain gage is used to measure the rain amount.

Å At 10 psi, we would obtain a 2 inch/h rain (1 min and 
10 seconds for 1 mm rain) with droplet size of around 4 
mm.

Å By varying the inlet pressure, different rain intensities 
and droplet sizes can be obtained. Light Rain, Heavy 
Rain, Fog conditions can be simulated. Rain gage

1/8 HH-5 full jet spray 
nozzle to be installed

spray.com



Uncoated 1-cell 
module

AS1 coated 1-cell 
module

AS2 coated 1-cell 
module
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Design of Experiments: Wind Test

Variable 1:
Soil Deposition
Humidity

Variable 2:
Wind velocity



Design of Experiment: Rain test

Uncoated 1-cell 
module

AS1 coated 1-cell 
module

AS2 coated 1-cell 
module
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Rain exposure Rain exposure

SoilDeposition

Variable 1:
Soil Deposition
Humidity

Variable 2:
Rain amount 5 mm

10 mm
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5 mm

10 mm

1 mm



Encapsulantabsorption

Reflectance of clean AS coated and uncoated split-cell module

AS

UC Å Iscbefore and after coatingthe AS2 wasmeasuredusingthe in-situ Iscmeasurementsetup in the
indoorsoilingchamber. Thetransmissionlosswasdeterminedto be0.6 %.

Å Thetransmittancelossfor AS1 wascalculatedin a similarfashionto be0.62%.

Å A split-cell monocrystallinemodule was fabricatedwith one half coatedwith anti-soilingcoating
andthe other half wasuncoated.

AR coating reflection
Semiconductor absorption


